An integrated semiconductor plasmonic nano-ring laser with a connecting output plasmonic waveguide for light extraction is proposed, designed and demonstrated numerically. The maximum light extraction efficiency can be up to 56%. The design was optimized with 2D FDTD and verified with 3D FDTD methods, where close agreement is shown between the two.
Semiconductor-plasmonic nanolasers have been of great interest over recent years due to their ultra-small footprint, very low power consumption and high modulation bandwidth, which make them promising as on-chip light sources for intrachip data interconnects, high-density data storage, lab-on-chip applications, etc. Various plasmonic nanolaser structures have been reported either theoretically or experimentally in the published literature, and include bow-tie antennas, Fabry-Perot lasers, nano-patch lasers, nanodisks, coaxial and ring lasers.
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However, most of the reported works, apart from just a few, [12] [13] [14] [15] do not include light extraction, which is essential for practical applications.
In this paper, we propose a concept of using an off-centered connecting output coupling waveguide for light extraction from a plasmonic nano-ring laser. The nano-ring laser is of particular interest because of the in-plane or radial lasing mode based on horizontal plasmonic connement. It helps to miniaturize the device to the deep subwavelength scale, which is even smaller than the coaxial laser and the nano-patch laser. 10, 11 It also facilitates planar integration of the nano-ring laser with other nanophotonic circuits for photonic-system-on-chip. To extract light from a circular cavity laser, evanescent eld coupling through a bus waveguide in close proximity to a laser cavity is commonly used.
14 The setback of this approach is that it requires a stringent control and material lling for the gap between the waveguide and the cavity, as the coupling efficiency is highly sensitive to the gap distance and medium. As a unique and different approach from the evanescent coupling, our proposed scheme is based on a butt-jointed waveguide, which splits the plasmon mode for light extraction. The approach relaxes the stringent requirement on the coupling gap. As we will show later, it is revealed for the rst time that the cavity mode rotates with the position of the butt-joint point, and subsequently, it affects the output coupling efficiency. Our numerical design shows that the coupling efficiency can be varied up to more than 50%.
Our propose structure is shown in Fig. 1 . Our ultra-small plasmonic nanolaser is based on a metallic-semiconductor ring cavity. The laser comprises a submicron width semiconductor waveguide in ring conguration, covered with silver on both sides of the waveguide. The metallic-semiconductor waveguide enables light connement well beyond the diffraction limit of light, which is hardly possible with any ordinary semiconductor or polymer waveguides. The loss incurred by the metal is compensated by the gain provided by the direct bandgap III-V semiconductor, which is also expected to provide the necessary gain for lasing. The gain material could be InGaAsP-based and an effective material bandgap around 1500 nm. In the example structure in Fig. 1 , the nano-ring laser is bonded onto a siliconon-insulator (SOI) substrate through a silicon dioxide interlayer, which potentially allows integration of electronic-photonic functionalities on a single chip in the future. The top and bottom oxide layers provide vertical mode connement to the waveguide structure.
In our simulations, we utilize the commercially available FDTD Solutions from Lumerical Solutions, Inc. The optimizations of our proposed scheme consist of two parts: (i) the nanoring structure, and (ii) the outcoupling efficiency aer the introduction of a butt-joint outcoupling waveguide, but with more emphasis on the latter. The former is briey mentioned for the sake of completeness, since extensive optimization on the nano-ring laser has been published before, 16 and the results are adapted into our model here. We utilize the design with two cavity resonance cycles, m ¼ 2, in our simulation, since the case with m ¼ 1 has already been presented in ref. 16 . Our optimized nano-ring laser has an inner radius, R, of 70 nm, and a gain waveguide width, W, of 100 nm. The particular cavity has a Q-value of 103, and a resonance wavelength of 1488 nm.
Next, we introduce an output coupling plasmonic waveguide to the nano-ring. The butt-joint conguration is selected because it eliminates stringent control on the fabrication of the coupling gap, and also it is a unique feature that is possible only in plasmonic devices. The optimum width of the output waveguide is investigated, as well as the joint location on the ring. The coupling or extraction efficiency, h c , is estimated by 12, 13 
where Q o and Q T correspond to the Q-values for the cavity without output coupling and with output coupling, respectively. These two Q-values can be obtained from our 2D-FDTD simulations. The Q-value serves as a good representation of the overall cavity loss. Q T comprises three components: (i) intrinsic loss of the cavity, i.e. the loss with no output coupling waveguide, (ii) loss due to the mode perturbation aer introduction of the coupling waveguide, and (iii) loss representing the outcoupling to the output plasmonic waveguide mode. Components (ii) and (iii) are not separable in our simulation of cavity Q-values, and thus, the coupling efficiency calculated represents only the maximum efficiency achievable. From eqn (1), to get a high coupling efficiency, the Q-value aer the introduction of the coupling waveguide must be much smaller than the case without outcoupling. However, a lower Q-value will lead to a higher laser threshold, which is denitely not desirable. Hence, these two competing factors have to be considered in our optimization.
The maximum attainable coupling efficiencies for the various output waveguide widths, W out , connected along the axis of the ring center, are shown in Fig. 2 , together with their respectively steady state out-of-plane H-eld proles. The mode proles in Fig. 2(b) clearly show two resonance cycles (m ¼ 2) inside the ring. From the gures, we can see that although the coupling efficiency increases with larger width, overall the efficiency is very low. We can observe from the steady-state mode proles that, at the output junction, the eld magnitude is always minimal. Such a mode prole will ensure that the cavity mode will suffer the least loss, but this in turn leads to the least outcoupling as well. Hence, to increase the output coupling, the cavity mode should not have a minimum magnitude at the output junction, i.e., the symmetry of the cavity mode must be broken.
Our approach to increase the coupling efficiency is by offsetting the connecting junction away from the ring center, which serves as a means to break the mode symmetry. The coupling efficiencies at different offset distances from the center axis of the ring, d x , are shown in Fig. 3(a) . The calculated threshold material gains are plotted in the same gure. W out of 100 nm is used because it is not too small for potential fabrication, and also not too large to degrade the Q-value that increases the laser threshold. The results show that as d x increases, the coupling efficiency increases. The highest coupling efficiency occurred rather abruptly when d x ¼ 120 nm, where the output waveguide is ush with the outer edge of the ring. This is also evident from the steady state H-eld plots in Fig. 3(b) . Interestingly, we can clearly observe that the cavity mode rotates with the shiing of the output junction, in such a way that the zero eld magnitude is always at the junction. This can be seen as the self-regulating effort of the cavity mode to minimize losses. At d x ¼ 120 nm, the cavity mode is unable to nd a symmetric conguration with zero magnitude at the output junction. Consequently, the mode symmetry is broken and we are able to obtain maximum outcoupling, and the output coupling increases drastically between d x ¼ 100 and 120 nm. This is an interesting phenomenon that has never been reported before. The off-centered shi can also be seen as rotating the waveguide around the center axis, as shown in the inset of Fig. 3(a) , with sin q ¼ d x /(R + W/2), and hence, maximum outcoupling can be obtained when the output waveguide is parallel to the local mode propagation direction around the ring, or at q ¼ 90
. The maximum coupling efficiency obtained is about 56%, with a material gain of 0.38 mm
À1
, which is achievable using the InGaAsP-based material. 17 The material gain required increases with coupling efficiency, because it is equivalent to cavity loss. Further increase in d x will shi the waveguide out of the ring and devastate the efficiency. Therefore, it is not of interest here. At d x ¼ 120 nm, a change of outcoupling waveguide width gives the same effect as the case of d x ¼ 0, where the maximum coupling efficiency is still achieved only at a W out of 100 nm.
The outcoupling efficiency calculated by eqn (1) is veried with 3D FDTD simulation. The 3D output coupling is calculated by placing a transmission monitoring plane across the crosssection of the output waveguide to obtain the normalized transmission power. The two set of results show very close agreement and the maximum output efficiency obtained is about 52% obtained at d x ¼ 120 nm for the 3D simulation. The substrate leakage loss calculated from the 3D simulation is around 20% for all congurations.
Aer the design work, we proceeded on to the fabrication of the devices. The InGaAsP gain medium is commercially acquired and it is grown on an InP substrate by metal-organic chemical vapor deposition (MOCVD). The active region is then bonded onto the Si substrate through interlayer bonding with thermal SiO 2 ,
18 followed by removal of the InP substrate in hydrochloric acid solution, leaving behind a submicron thin gain layer on the Si substrate. The submicron structures could be dened on the substrate via a hydrogen silsesquioxane (HSQ) resist with electron beam lithography, and then directly etched down with a chlorine recipe in an inductively coupled plasma reactive-ion-etching system (ICP-RIE) equipped with an elevated temperature stage at 250 C. The process optimization is still in the preliminary stage; however, promising progress has been made. One of the scanning electron micrographs of the fabricated structure is shown in Fig. 4 , where we can clearly see the nano-ring and the off-center outcoupling waveguide structures. The structure is covered by roughly 50 nm of silver on all sides deposited uniformly. Nevertheless, the initial fabricated structure shows that it is entirely possible to realize the designed submicron structure. In the determination of the coupling efficiency from an actual device, the method as described in ref.
19 is well-suited for the measurement of such a nanocavity. The method allows us to obtain the Q-value of the nanocavity, then, by using eqn (1) and comparing the Q-values of cavities with and without the outcoupling waveguide, we can calculate the coupling efficiency.
Conclusions
In summary, we have proposed a concept, with numerical verication, of an outcoupling scheme utilizing an offset buttjoint plasmonic waveguide for a nano-ring laser. The planar outcoupling is straightforward in terms of fabrication, and eliminates the tight control of the coupling gap in a conventional microring/disk-bus structure. The coupling efficiency obtained can be as high as 56% when the output waveguide is butt-jointed ush with the outer edge of the nano-ring. Similar outcoupling efficiencies are obtained both from calculation using eqn (1) and from 3D FDTD simulations, which veries our 
